To study naive and memory CD8 T cell turnover, we performed BrdU incorporation experiments in adult thymectomized C57BL/6 mice and analyzed data in a mathematical framework. The following aspects were novel: 1) we examined the bone marrow, in addition to spleen and lymph nodes, and took into account the sum of cells contained in the three organs; 2) to describe both BrdU-labeling and -delabeling phase, we designed a general mathematical model, in which cell populations were distinguished based on the number of divisions; 3) to find parameters, we used the experimentally determined numbers of total and BrdU ؉ cells and the BrdU-labeling coefficient. We treated mice with BrdU continuously via drinking water for up to 42 days, measured by flow cytometry BrdU incorporation at different times, and calculated the numbers of BrdU ؉ naive (CD44 int/low ) and memory (CD44 high ) CD8 T cells. By fitting the model to data, we determined proliferation and death rates of both subsets. Rates were confirmed using independent sets of data, including the numbers of BrdU ؉ cells at different times after BrdU withdrawal. We found that both doubling time and half-life of the memory population were ϳ9 wk, whereas for the naive subset the doubling time was almost 1 year and the half-life was roughly 7 wk. Our findings suggest that the higher turnover of memory CD8 T cells as compared with naive CD8 T cells is mostly attributable to a higher proliferation rate T he T cell peripheral compartment is in constant homeostatic equilibrium, despite the entry of naive T cells from the thymus, the huge T cell expansion due to antigenic stimulation, and the death of short-lived effector T cells in the contraction phase following priming. In addition to the acute events involving small numbers of Ag-specific T cells, both naive and memory T cells undergo continuous cell division and death. T cell turnover occurs slowly in the presence of physiological T cell numbers and increases in case of T cell depletion, for example, in irradiated and/or immunodeficient individuals. Several molecules have been implicated in the homeostatic regulation of peripheral T cell numbers, including cytokines (i.e., IL-15, IL-7, etc.), MHC-peptides (either self-or crossreactive peptides), and TNF/TNFR family members (1, 2).
T he T cell peripheral compartment is in constant homeostatic equilibrium, despite the entry of naive T cells from the thymus, the huge T cell expansion due to antigenic stimulation, and the death of short-lived effector T cells in the contraction phase following priming. In addition to the acute events involving small numbers of Ag-specific T cells, both naive and memory T cells undergo continuous cell division and death. T cell turnover occurs slowly in the presence of physiological T cell numbers and increases in case of T cell depletion, for example, in irradiated and/or immunodeficient individuals. Several molecules have been implicated in the homeostatic regulation of peripheral T cell numbers, including cytokines (i.e., IL-15, IL-7, etc.), MHC-peptides (either self-or crossreactive peptides), and TNF/TNFR family members (1, 2) .
We have previously demonstrated that mature CD8 T cells have a higher turnover in the bone marrow (BM) 3 as compared with spleen and lymph nodes (LN) (3) . BM CD8 T cells do not have a distinct differentiation stage enabling them with a greater capacity to proliferate, but rather are constantly stimulated within the organ (4) . We characterized some of the molecular events occurring in CD8 T cells within the BM, such as increased phosphorylation of the signal-transducing molecules STAT-5 and p38 MAPK and reduced membrane expression of CD127, the IL-7R ␣-chain (5). Both naive-phenotype CD44 int/low and memory-phenotype CD44 high CD8 T cells contain a higher percentage of proliferating cells in the BM than in spleen and LN (5) . The important role played by the BM in mature CD8 T cell turnover becomes even more evident when the total numbers of proliferating CD8 T cells contained in the sum of spleen, LN, and BM are taken into account. This is especially the case for memory CD8 T cells, but occurs also for naive CD8 T cells, implying that the BM contribution cannot be neglected when the quantitative aspects of mature T cell turnover are assessed (3, 5, 6) .
To estimate the rate of mature T lymphocyte turnover, dividing cells have been tracked in experimental animals by different methods, such as BrdU incorporation and CFSE labeling (7) (8) (9) . Pivotal studies on the kinetics of BrdU labeling of T cells in spleen and LN of BrdU-treated mice have shown that naive and memory T cells are differently regulated, and that memory T cells have a higher turnover rate than naive T cells (7) . Because of the potential toxicity of BrdU and CFSE, questions concerning T cell kinetics have been approached differently in humans, for example, by evaluation of telomer length and by administration of the nontoxic isotope deuterium ( 2 H), which is incorporated in the DNA of dividing cells (8) . Mathematical models have been developed for the interpretation of T cell turnover data, tremendously improving the understanding of T cell kinetics under both physiological and pathological conditions, for instance, in HIV-infected patients (10, 11) .
Because actively dividing T cells are localized in specialized "niches," mostly in lymphoid organs, human studies suffer from the limitation of using blood as the only source of cells. Blood cell samples accurately reflect lymphoid periphery as long as cells distribute homogeneously among blood and lymphoid organs (12) . Both naive and memory T cells are recirculating cells, nevertheless each of the two subsets is heterogeneous and contains cells with different proliferation rates. Two subpopulations of memory T cells have been described, central-memory and effector-memory, with the former having a higher self-renewal capacity than the latter (13); it is possible that blood contains a different proportion of the two memory subsets as compared with other lymphoid organs. Moreover, we and others have shown that both naive and memory CD8 T cells divide more extensively in the BM than in spleen and LN (3, 9) . For a more comprehensive approach to T cell turnover kinetics, it is important to consider the contribution of different lymphoid organs to the total T cell population. In humans, it is estimated that ϳ7 ϫ 10 9 T cells are present in blood, whereas LN, spleen, and BM contain, respectively, 150 ϫ 10 9 , 31 ϫ 10 9 , and 25 ϫ 10 9 T cells. Taken together, these three organs contain Ͼ200 ϫ 10 9 T cells, thus accounting for the great majority of total T cells (6) .
In this manuscript, we examined the kinetics of naive and memory CD8 T cell turnover, taking into account the proliferating and total cells contained not only in spleen and LN, but also in the BM of thymectomized C57BL/6 (B6) mice. Although we cannot rule out that newly formed cells either immigrate from other organs or emigrate from the organs studied, we focused our analysis on spleen, LN, and BM based on the major contribution of these three organs to both CD8 T cell turnover and total CD8 T cell counts (3, 5, 6) . We determined BrdU up-labeling and down-labeling curves by naive and memory CD8 T cells and interpreted the results in a mathematical framework.
Materials and Methods

Mice
C57BL6/J (B6) female mice which had been thymectomized at 4 wk, normal euthymic B6, and CD45.1-B6 female mice were all purchased from Charles River Laboratories. Mice were housed at our Institute Animal Facility, according to institutional guidelines. Sentinel mice were screened for seropositivity to Sendai virus, rodent coronavirus, and Mycoplasma pulmonis by the Murine Immunocomb test (Charles River Laboratories) and were found negative.
BrdU treatment and staining
B6 mice were treated with 0.8 mg/ml BrdU (Sigma-Aldrich) in their drinking water (3) . BrdU solution was prepared in sterile water, protected from light exposure, and changed daily. During the continuous labeling phase, thymectomized B6 mice received BrdU up to 42 days. As a control, euthymic B6 mice were treated with BrdU for 3 days in parallel. For the chase phase, thymectomized B6 mice received continuous treatment with BrdU for 14 days as above, then BrdU was replaced with normal water, and mice were analyzed at different times after treatment interruption. The night before the assay of chase experiments, control B6 mice were injected i.p. with 0.8 mg of BrdU in PBS. On the day of the assay, BM cells from these mice were used as positive BrdU staining control. BrdU staining was performed as previously described (3) . In each staining experiment, the CD44 marker used to discriminate between naive and memory CD8 T cells was set based on CD44 expression of spleen, LN, and BM CD8 T cells from a young (2-to 3-mo old) normal B6 mouse.
CFSE labeling and adoptive transfer
Pooled cells from spleen and LN of B6 mice were either labeled with CFSE as previously described (14) or mock treated. Recipient CD45.1-B6 mice were injected i.v. with 40 ϫ 10 6 donor cells, either CFSE labeled or not. Adoptively transferred mice were injected i.p. with 150 g of poly:IC and treated with BrdU in their drinking water. After 3 days, mice were sacrificed and cells from spleen, LN, and BM analyzed by flow cytometry.
Calculation of cell numbers
At different times after thymectomy, spleen, LN, and BM cells were counted by Trypan blue exclusion, after lysis of RBC, and the average value was calculated from three to five mice. For each time point, nucleated cell numbers contained in each organ were estimated based on recovered cell counts, as described (3) . Memory and naive CD8 T cell numbers contained in each organ were calculated based on the corresponding percentages of CD44 high 
Statistical analysis
Statistical analysis was performed by Students' t test. Differences were considered significant when p Յ 0.05 and highly significant when p Յ 0.01.
Results
BrdU incorporation experiments with thymectomized B6 mice
To study the kinetics of CD8 T cells in vivo, we treated adult thymectomized B6 mice with BrdU and analyzed cells from spleen, LN, and BM. By using thymectomized mice, we were able to prolong BrdU exposure up to 42 days without including CD8 T cells labeled in the thymus, which normally come out after day 3 (7) . During the continuous labeling period, BrdU was administrated in the drinking water every day to a large group of thymectomized mice and a few of them were analyzed at different times of treatment (days 3, 14, 28, and 42). In agreement with our previous results in normal euthymic B6 mice (3), at day 3 the percentage of BrdU ϩ CD8 T cells was higher in the BM than in the spleen and LN (Fig. 1A) . We also analyzed some euthymic B6 mice in parallel with the thymectomized mice, and found no significant statistical difference at day 3 between the two groups (data not shown). Fig. 1B shows representative examples of cytometric analysis of spleen, LN, and BM CD8 T cells from mice treated with BrdU for 14 or 42 days. At any time tested, the BM contained the highest percentage of BrdU ϩ CD8 T cells, either within naive (CD44 int/low ) or memory (CD44 high ) cell subset. We also performed delabeling (chase) experiments. Mice were treated with BrdU for 14 days as above and then the treatment was stopped. Spleen, LN, and BM CD8 T cells were analyzed at different times of the die-away phase, i.e., at day 0 (corresponding to day 14 of BrdU labeling) and 4, 8, 17 , and 36 days after interruption of BrdU treatment. Fig. 1C represents typical cytometric profiles of spleen, LN, and BM CD8 T cells at day 36, showing a slow decay of BrdU labeling in both naive and memory subset. As a control, for each mouse we analyzed total BM cells, showing a much faster BrdU decay. To control for BrdU staining on the day of the test, total BM cells from a B6 mouse pulsed overnight with BrdU were analyzed in parallel with samples from thymectomized B6 mice (Fig. 1C) .
Analysis of the efficiency of the BrdU-labeling protocol
To evaluate the efficiency of our BrdU-based experimental approach in the detection of proliferating CD8 T cells, we compared the BrdU protocol with the CFSE method (3, 9, 14) . Because BrdU protocol is based on the DNA incorporation of a nucleotide analog by the salvage pathway in vivo, it is likely to have a lower sensitivity than the CFSE method, in which cells are labeled in vitro with a cytoplasmic dye. Moreover, in contrast with the CFSE method, the BrdU protocol requires cell permeabilization and intranuclear staining (3, 16) .
Equal numbers of either CFSE-labeled or unlabeled donor cells from spleen and LN of B6 mice were transferred into two groups of congenic B6-CD45.1 recipient mice. Mice were injected with poly:IC and treated every day with BrdU. After 3 days, spleen, LN, and BM cells were analyzed by flow cytometry and CD45.1
Ϫ donor CD8 T cells were gated (9) . As regards the CFSE method, proliferation was measured based on CFSE fluorescence intensity. For the BrdU method, proliferation was determined by staining with anti-BrdU mAb FITC, after subtraction of background staining with control mAb. Representative cytometric profiles of LN and BM samples are shown in Fig. 2A and results are summarized in Fig. 2B .
In agreement with our previous observations (5), we found that poly:IC treatment-induced proliferation was higher in the BM than in either spleen or LN. Assuming that 100% of divided cells were detected by CFSE, for each organ we calculated the ratio between the percentage of divided cells measured by BrdU and the corresponding percentage measured by CFSE. We obtained the following ratios: spleen 0.8, LN 0.7, BM 0.8, suggesting that our BrdU protocol detected roughly 80% of those divided cells detected by CFSE (BrdU-labeling coefficient ϭ 0.8).
In the above comparison between CFSE and BrdU protocol, both groups of mice were treated with BrdU, to avoid the possible confounding effect of BrdU treatment of only one group. We also performed additional experiments to check for the toxic effect of BrdU on CD8 T cell proliferation. Donor CFSElabeled cells were transferred into CD45-congenic recipient, which were injected with poly:IC and either treated or not with BrdU for 3 days. In both groups of mice, donor CD8 T cell proliferation was measured by the CFSE method in spleen, LN, and BM as above (data not shown). No statistically significant difference was found between corresponding organs from BrdU-treated and untreated mice ( p value: spleen 0.76, LN 0.30, BM 0.89). Considering that, during the 3 days of BrdU administration, CD8 T cells divided extensively due to poly:IC treatment, our results suggest that BrdU does not affect CD8 T cell proliferation in vivo in our system. We also checked spleen cellularity after continuous BrdU treatment of thymectomized B6 mice for either 28 or 42 days and found no statistically significant difference between BrdU-treated and untreated mice ( p value: 28 days 0.51, 42 days 0.64).
The general mathematical model
To study the kinetics of CD8 T cells and determine the proliferation and death rates of naive and memory cell subsets, we designed a general mathematical model to be separately applied to either naive or memory cell populations during the labeling and the delabeling periods.
The key point of our model is that at any time t we separate the CD8 T cell population (either naive or memory) y(t) into subpopulations depending on the number of divisions they perform until t. In our model, x 0 (t) is the number of cells belonging to the considered population y(t) which have never divided during the time interval [0, t], where t ϭ 0 is the initial time of our experiment; x 1 (t) is the number of cells which divided once during the same interval and x 2 (t) is the subpopulation which divided two or more times. The dynamics of these subpopulations is described by the following simple system of ordinary differential equations
in which y(0) is the number of cells at the beginning of the experiment, p and d are the per cell proliferation and death rate, respectively, and tfinal is the final time of the experiment (in days). The system (Equation 1) can be solved analytically and we obtain:
The sum of (Equations 2-4) x 0 (t) ϩ x 1 (t) ϩ x 2 (t) ϭ y(t) obeys to the classical exponential function
Of course this reasoning can be further extended by separating y(t) into the sum of n subpopulations x i (t), i ϭ 0, . . . , n Ϫ 1 each of which divided i times in the time interval [0, t].
Memory CD8 T cells kinetics: parameter estimation
To estimate the proliferation and death rates of memory CD8 T cells, we used the data of BrdU continuous labeling experiments, taking into account the sum of BrdU ϩ cells contained in spleen, LN, and BM. We first calculated the total numbers of memory CD8 T cells contained in spleen, LN, and BM of the thymectomized B6 mice, at different times after thymectomy. Fig. 3A shows that the total number of memory CD8 T cells was pretty stable over time, in two independent series of experiments (average value: first series 4.8 ϫ 10 6 cells, second series 5.2 ϫ 10 6 cells). This is expected, considering that the numbers of either memory or naive CD8 T cells are independently regulated (17) and thymectomy affects only the naive cells (18) .
We then calculated the number of BrdU ϩ memory CD8 T cells from three independent experiments of continuous labeling (experiments A, B, C), each started at a different time after thymectomy (days 28, 35, and 56, respectively). We analyzed BrdU incorporation at day 3, 14, 28, and 42 of continuous BrdU treatment (Fig. 3B) . A similar increase of the number of BrdU ϩ memory CD8 T cells was observed in the three experiments, suggesting that memory CD8 T cell proliferation was not influenced by the number of days after thymectomy, in the time frame analyzed. We observed a remarkable contribution of the BM to the number of BrdU ϩ memory CD8 T cells (Fig. 3C) .
We used the data of the above experiments to estimate the proliferation and death rates of memory CD8 T cells. We denote by M(t) the number of total memory CD8 T cells contained at time t in the sum of spleen, LN, and BM, where t ϭ 0 is the day of thymectomy. The population M(t) plays the role of y(t) given in (Equation 5). Considering that p ϭ d, because the memory cell population is at a steady state, we have
in which t ϭ 0 is the day of thymectomy.
In our continuous labeling experiment, we denote by M L (t) the number of BrdU ϩ memory CD8 T cells contained at time t in the sum of spleen, LN, and BM, where t ϭ 0 is the initial time of BrdU labeling. The population M L (t) is composed by subpopulations of cells which have divided once or more times during the interval [0, t] . By using our general model (Equation 1), we have in which t ϭ 0 represents the initial time of the continuous labeling experiment, b is the efficiency of our BrdU labeling method, and M(0) is the total number of memory cells contained in the three organs, which is constant. As we got an estimation of such a number (Fig. 3A) , and also of the BrdU-labeling coefficient (Fig. 2B) , the function (Equation 6) depends only on one free parameter, the death rate or d, which is equal to the proliferation rate or p. Fig. 3D .
To confirm our estimations, we used the data from two novel independent experiments (respectively, day 14 and 28 continuous labeling). We plotted the curve given in (Equation 6), by using M(0) from each one of the two novel experiments, and by taking d as the mean value of experiments A-C (0.0111 days
Ϫ1
). We found that the curves provided a good approximation of our day 14 as well as day 28 experimental data (data not shown). Moreover, the coefficient of determination (R 2 ) values (15) were in both cases Ն0.9, very close to the ones obtained during the fitting procedure of experiments A-C.
Naive CD8 T cells kinetics: parameter estimation
To study the kinetics of naive CD8 T cells, we calculated total and BrdU ϩ cell numbers as described for the memory compartment. As expected in thymectomized mice, we found that the number of naive CD8 T cells declined exponentially after thymectomy in two independent series of experiments (Fig. 4A ). Let N(t) be the number of naive cells playing the role of the population y(t) given in (Equation 5 )
in which t ϭ 0 is the day of thymectomy. 7235 The Journal of Immunology times after the thymectomy, corresponding to the initial times of our BrdU incorporation experiments.
We then calculated the numbers of BrdU ϩ naive CD8 T cells from three independent experiments of continuous labeling, as described for the memory cells. The numbers of BrdU ϩ naive CD8 T cells showed a gradual increase over time (Fig. 4B) , less pronounced than for the memory population. Results were similar in the three experiments, suggesting that naive CD8 T cell proliferation was not influenced by the number of days after thymectomy, in the time frame analyzed. At each time point, BrdU ϩ naive CD8 T cells were found not only in spleen and LN, but also in the BM (Fig. 4C) .
According to our general model, Equation 1 provides Fig. 4D .
We confirmed our estimates using novel data from day 14 and 28 continuous labeling experiments, as in the case of memory CD8 T cells, and again we obtained good agreement between the estimated curves and the novel data (data not shown) and R 2 Ն 0.9. Taken together, our results suggest that our mathematical model is correct for both memory and naive CD8 T cells.
Delabeling curves of memory and naive CD8 T cells: comparison of models with different division numbers
To further confirm the proliferation and death rates based on the BrdU continuous labeling experiments, we performed BrdU chase experiments (experiments D and E). In the chase experiments, mice were analyzed at different times after interruption of a 14-day BrdU treatment, i.e., at days 0, 4, 8, 17, and 36. Fig. 5, A and B, show the numbers of BrdU ϩ memory and naive CD8 T cells during the delabeling period. As a control for BrdU decay, total BM cells from each mouse were analyzed, showing a sharp decline of BrdU ϩ cell numbers as soon as BrdU administration was stopped (Fig. 5C) .
Along the same line of our previous mathematical analysis, starting from our general model (Equation 1), we get two different solutions for the delabeling curves of each CD8 T cell subset. If we assume that, in absence of BrdU, each divided labeled cell results in two unlabeled cells, we get
in which t ϭ 0 represents the initial time of the delabeling experiment.
In the case that only after the first division-but not after the subsequent divisions-a labeled cell still yields two labeled daughter cells, we obtain
(1 ϩ 2pt) (10b, for naive cells) in which t ϭ 0 represents the initial time of the delabeling experiment.
To choose between the two models (Equations 9 and 10, respectively), we compared the corresponding curves for each cell subset. These curves were obtained using p and d given by the mean values from continuous labeling experiments (A-C), whereas the average numbers of total and labeled cells were taken from chase experiments (either D or E).
As shown in Fig. 6 for memory CD8 T cells, the second formulation, i.e., the assumption that after the first division a labeled cell yields labeled daughter cells and after the second division labeling is lost, is more appropriate. In addition to the curves corresponding to the two models (Equations 9 and 10, respectively), we also report in Fig. 6 the curves representing either the case of cells which lose the labeling only after the second division or the case of cells which remain labeled during the whole experiment. Similar results were found also in one of two chase experiments with naive CD8 T cells (data not shown).
Thus, our analysis of chase experiments confirms the estimation of p and d values obtained with continuous labeling experiments and suggests that in our system BrdU labeling is mostly lost by CD8 T cells upon the second division.
Discussion
In contrast with previous studies on mature CD8 T cell turnover in mice (7, 19) , we based our analysis of CD8 T cell kinetics on total BrdU-labeled naive and memory CD8 T cells contained in spleen, LN, and BM rather than only on percentages of BrdU-labeled cells in spleen and LN. We took this approach because: 1) the percentage of proliferating cells within either naive or memory CD8 T cells is higher in the BM than in spleen and LN ( Fig. 1 and Refs. 3 and 5); 2) spleen, LN, and BM together contain the great majority of mature CD8 T cells in the body, making the sum of their CD8 T cells highly representative of the mature CD8 T cell pool (3, 5, 6) .
We found that for naive CD8 T cells, on average, the proliferation rate was 0.0022 days Ϫ1 and the death rate was 0.0148 days Ϫ1 ; for memory CD8 T cells, both average rates were 0.0111 days Ϫ1 . Thus, every day ϳ1% of memory CD8 T cells and 0.2% of naive CD8 T cells proliferate, and ϳ1-1.5% of either memory or naive cells die. Within each subset, we considered that appearance and disappearance of BrdU-labeled cells were dependent only on cell proliferation and death. This accounts for the behavior of the majority of the cells in the time frame analyzed; nevertheless, it is possible that some cells shifted phenotype and others migrated out of the three lymphoid organs examined. Because CD44 high CD8 T cell numbers were stable over time (Fig. 3A) and BrdU-labeling curves were very similar in independent experiments started at different days after thymectomy (Figs. 3B and 4B) , we believe that phenotype shift did not greatly affect our results. The intermitotic or doubling time (t 2 ), was ϳ315 days for naive CD8 T cells and 63 days for memory CD8 T cells. Both subsets had a survival time or half-life (t 1/2 ) of more than a month (roughly 47 days for naive cells and 63 days for memory cells). Our results suggest that the higher turnover of memory CD8 T cells as compared with naive CD8 T cells is mostly attributable to a higher proliferation rate.
To investigate whether results would be different in the absence of BM contribution, we repeated our mathematical analysis taking into account either spleen cells alone or spleen and LN cells together. When the BM was not included and the analysis was performed on spleen and LN cells, we found slightly lower proliferation rates for memory cells and similar proliferation rates but lower death rates for naive cells. Nevertheless, for both cell subsets the fittings were still good and the difference between corresponding values with and without BM was not statistically significant (data not shown). This suggests that there was enough naive and memory CD8 T cell recirculation among the three lymphoid organs analyzed, so that cells which had incorporated BrdU in the BM contributed to BrdU-labeled cell numbers found in spleen and LN.
Mathematical models have been used for interpretation of mature CD8 T cell kinetics in different systems, including studies in humans with deuterium-labeled compounds and in monkeys with either deuterium-labeled compounds or BrdU, but there is still a big controversy on physiological turnover rates of naive and memory CD8 T cells (reviewed in Ref. 11) . In rodents, in most cases, results have been interpreted intuitively rather than in a mathematical framework, making comparison with our results difficult (19 -21) . In contrast with our study, those lacking mathematical analysis do not analyze separately the contribution of proliferation and death rates to either BrdU up-labeling or down-labeling curves (7, 19) . In one case, T cell turnover was examined in thymectomized rats using a mathematical formula, but only CD3 ϩ cells from secondary lymphoid organs were analyzed and the formula was applied to diabetes-prone BB rats and not to control healthy WF rats (22) .
Among the few studies in humans in which separate analysis of naive and memory CD8 T cells was performed, those by McCune et al. (23) and Wallace et al. (24) are the most similar to ours in terms of doubling time estimation, with 112-204 days for naive CD8 T cells and 18 -40 days for memory CD8 T cells. Recently, it has been suggested that the doubling times of both naive and memory CD8 T cells in humans have been underestimated so far- E (B) . Each hypothesis is based on a different number of cell divisions after which BrdU labeling is lost (one to three divisions or never, i.e., cells stably labeled during the time of the experiment). For each curve, the corresponding value of the coefficient of determination (R 2 ) is indicated.
due to short labeling times and insufficient time points of analysis-and they are much longer than previously thought (N. . It is possible that in our system naive CD8 T cell proliferation rate was increased because we analyzed T cell turnover in thymectomized mice. However, we observed similar proliferation rates in experiments performed at different times after thymectomy, suggesting that naive CD8 T cell kinetics did not change in the time frame analyzed (BrdU labeling within the third month after thymectomy). It is expected that, at later times after thymectomy, a higher level of lymphopenia occurs, and the proliferation rate of naive CD8 T cells increases due to additional compensatory mechanisms. Our results are very different from other mathematical analyses of CD8 T cell kinetics as concerns the estimation of death rate and survival time. In contrast with studies in humans and monkeys (25, 26) , reporting a rapid loss of labeled CD8 T cells in the chase phase and high death rates (either using BrdU-or deuterium-labeled compounds), we found that after interruption of BrdU treatment, BrdU-labeled CD8 T cell numbers slowly declined, whereas the number of BrdU-labeled total BM cells steeply decreased. We obtained good fittings of the data with the mathematical equation used to describe the BrdU continuous labeling phase, provided that we applied the equation which takes into account a loss of BrdU labeling upon the second cell division. By such equation, we confirmed both the proliferation and the death rates obtained in the BrdU up-labeling studies.
With respect to experimental results, our data are similar to studies of BrdU die-away curves in rodents (7, 19) in which spleen and LN CD8 T cells were examined. The discrepant results in humans and monkeys vs rodents might be explained by the different organs analyzed (blood in primates vs lymphoid organs in rodents); it is possible that the rapid disappearance of blood-labeled CD8 T cells during the chase phase is mostly due to migration from bloodstream into tissues rather than to cell death (27) . The rapid disappearance of BrdU-labeled cells from blood after BrdU withdrawal was found also when B cells were studied in sheep (28) , suggesting that this phenomenon is related to the blood compartment and is consistent across species. Moreover, individual differences in CD8 T cell kinetics exist among both humans and monkeys (25, 26) , due to genetic background and/or environmental factors, and in some individuals results are similar to ours, which have been obtained in inbred mice.
As regards mathematical analysis of the BrdU die-away curve, our study is different from the majority of the others, in which the progeny of BrdU-labeled cells was considered stably labeled (11) . The few studies which took into account the possibility that BrdU dilution upon cell divisions leads to BrdU-labeled cell disappearance used different approaches than ours (16, 22) . The advantages of our mathematical model are the following: 1) the number of cell divisions is considered in both continuous labeling and chase equations, so that a unique framework is used for analysis of results; 2) in the chase equation, it is possible to compare different curves, each based on a different number of cell divisions required for the loss of BrdU positivity, including the possibility that BrdU positivity is not lost in the time frame of the experiment. Thus, we do not assume a priori neither a fixed number of cell divisions necessary for BrdU loss (22) , nor a constant fraction of labeled cells lost due to BrdU dilution (16) .
A major concern in cell kinetics studies is cell heterogeneity, which may lead to the estimation of a lower proliferation rate as compared with death rate (29) . Indeed, several studies have reported a discrepancy between the two estimated rates and explained it either by the existence of an external source of cells or more convincingly by cellular heterogeneity (16, 25, 29) ; to have a more reliable estimate, it was proposed to calculate the "average turnover rate," defined as the death rate averaged over all cell subpopulations (30, 31) . We did not confirm in our system the common observation of a much higher rate of disappearance of labeled cells in the chase phase as compared with their accumulation in the labeling phase. Still, heterogeneity exists within the two cell subsets we analyzed, especially within memory CD8 T cells. We believe that, for each subset, we included similar proportions of cells with different turnover rates in either up-labeling and down-labeling experiments, because we took into account the sum of spleen, LN, and BM cells and administered BrdU for a sufficiently long time before chase. Moreover, we considered the possibility that during the chase phase labeled cells disappeared not only because they died but also because their label was lost upon cell division, making it unlikely that the death rate was overestimated in our model.
By our comprehensive approach, we were able to measure with good approximation the average proliferation and death rates within mouse naive and memory CD8 T cell subsets. Our results have implications for human studies, especially for the interpretation of abnormal T cell kinetics found in HIV-infected patients and other diseased individuals (23) .
